Fiber laser has been received extensive attention in welding of thick section materials in terms of high power intensity and high beam quality. This paper investigated the influence of fiber laser welding conditions, including welding speed, beam spot size and defocused distance, on the weld bead geometry in welding of thick section stainless steels. The result showed that the beam spot size had significant influence on the penetration depth, and the penetration depth at 0.1 mm beam spot size was shallower than that at 0.2 mm beam spot size. The maximal weld penetration at 10 kW laser power and 0.3 m/min could be obtained at the defocused distance of about -7 mm. Wine-cup weld bead geometry with excessive wide bead surface was formed in range of low welding speeds (lower than 1 m/min). As a result, the decrease in welding speed induces considerable increase in bead width, but only slight increase in penetration depth. In order to obtain deeper penetration at low welding speed range, it is important to enlarge and deepen the keyhole opening and suppress the plume/plasma. Thus an ultra-deep penetration laser welding method, which is characterized by using a gas jet nozzle to modify the keyhole and melt flow behavior, was developed. With two high-speed CMOS cameras and X-ray transmission apparatus, the behaviors of the keyhole, the melt flow and the plume in gas jet assisted laser welding were observed. The effects of the gas jet parameters and welding conditions on the weld bead geometry were investigated. By adoption of the gas jet, the penetration depth was increased from 18.2 mm to 24.5mm in the conditions of the laser power of 10 kW and the welding speed of 0.3 m/min. Moreover, the instability of penetration depth induced by thermal lens effect was also discussed.
Introduction
In recent years, due to the rapid development of high-power and high-brightness fiber laser and disk laser, the penetration depth and welding speed has been significantly improved for laser welding of various metals. Fiber laser and disk laser have enabled excellent penetration properties at high welding speeds.
Though deep penetration depth could also be obtained in high-speed welding, the excessive narrow bead width (especially the central bead width) is unsuitable for butt-joint welding of thick sections of large-scale structures due to the gap tolerance and misalignment. Therefore, low welding speed is necessary for welding of thick section materials, especially in butt-joint or fillet-joint welding.
In this paper, the penetration characteristics at low welding speed range in high-power fiber laser welding of stainless steel are investigated firstly. The result shows that wine-cup weld bead geometry with excessive wide bead surface is formed, and it indicates that at low welding speed, a large part of the absorbed laser energy by the metal is contributed to increase the weld width, but slight benefit to increase the penetration depth.
One of the possible methods to increase the penetration is to use a side gas jet. Many research works have been done on improvement of weld seam quality or suppression of welding defect or controlling of laser-induced plasma/plume (1) (2) (3) by side gas jet in laser welding. For these conditions, it was revealed that with the side gas jet, under appropriate gas flow conditions, not only the keyhole opening can be widened and the melt pool fluctuation can be stabilized, but also the penetration depth can be increased.
This paper presents an ultra-deep penetration laser welding method, which is characterized by using a gas jet nozzle to modify the keyhole and melt flow behavior. The influence of the gas jet parameters and welding conditions on the weld bead geometry is investigated and the mechanism of penetration modification by using the gas jet is discussed. Moreover, the instability of penetration depth induced by thermal lens effect is also discussed. Figure 1 shows a schematic experimental setup. A YLR10000 fiber laser, with the maximum laser power of 10 kW and the beam parameter product of 4.5 mm*mrad, was used to perform bead-on-plate welding. The fiber core diameter was 0.1 mm, and the focal length of collimation lens was 125 mm. Three types of focal lens, 150mm, 250mm and 645mm in focal length, were used to obtain different beam spot sizes.
Experimental
A double shielding nozzle that consists of an inner gas jet nozzle of 2.0 mm diameter and an outer shielding nozzle of 20 mm diameter was used to provide gas jet and shielding gas respectively. Nitrogen was used as the gas jet and the shielding gas.
Two high-speed video cameras (Nac: Rx-6) were used to observe the molten pool and the plume respectively in welding.
Both cameras were worked synchronously with the same framing rate of 1,000 F/s. A laser diode with 978nm wavelength was used for illuminating the molten pool. Platinum wire was buried in the welding path under the workpeice surface before welding in order to observe in-situ the metal flow. CO 2 was used for gas jet and shielding gas. Figure 3 shows the effect of welding speed on penetration depth and weld bead width in the conditions of laser power 10kW.
As the welding speed decreases from 3 m/min to 0.3 m/min, the penetration increases from 13 mm to 17 mm, but the weld bead width increases from about 1mm to 17 mm. That is to say, the decrease of welding speed induces excessive wide bead surface of the wine-cup bead shape, indicating that a large part of absorbed laser energy by the metal contributes to widen the weld surface, but gives little benefit to the increase of penetration depth. reported that with YAG and disk laser welding, the penetration depth decreased when the beam spot size is less than 0.2mm. It was explained that the divergence angle played a considerable role when the spot size becomes smaller (5) . Besides of the divergence angle of the laser beam, other factors also may have influence on the penetration. For instance, the surface tension of molten metal, which is a resistance for keyhole formation, rapidly increases with decreasing keyhole diameter. In addition, the power intensity at 10 kW laser power and 0.13mm beam spot size is about 7.5*10 7 W/cm 2 , and the plume/plasma produced at this condition may affect the keyhole behavior. In addition, the experimental result showed that the optimal defocused distance (Df) at which maximal penetration could be obtained is about -7mm in the conditions of 10kW laser power and 0.3m/min welding speed. When the defocused distance changes to be zero or positive, the penetration depth rapidly decreases.
Penetration increase by gas jet

Effect of gas jet condition on penetration
Figure5 shows the images extracted from a video sequence obtained by a high-speed camera and the photos of the weld bead under different gas flow speed. The welding conditions were laser power 10 kW and welding speed 0.3 m/min. When the side gas jet is not used, a wide and flat surface of the molten pool can be observed (in the case of good shielding condition), but the keyhole opening is very small and there exists melt layer with some extent thickness between the front edges of the keyhole and the molten pool. When the gas jet is used, with the gas flow speed increasing from 27 m/min to 53 m/min, the weld pool becomes narrower and the keyhole opening is enlarged and deepened considerably, because the gas jet pushes the molten metal surrounding the keyhole backward and downward. The thickness of the melt layer between the keyhole front and the molten pool front also becomes thinner. However, to increase the gas flow speed further will cause melt ejection, and furthermore, the process will become to be cutting if the gas flow speed is higher than 80 m/s.
The weld bead obtained without gas jet shows excessive wide surface, when the gas jet is used, however, the surface width decreases with increasing gas flow speed. The penetration depth at the gas flow speed of 53 m/s is about 20.0mm, about 20 % higher than the penetration depth of 17 mm without gas jet. Penetration （mm） gas jet 45º gas jet 60º gas jet 30º no gas jet optimal defocused distance is -7 mm for welding without gas jet.
When the gas jet angle is 30°, the relation between the penetration depth and the defocused distance shows similar trend to that of without gas jet, only with slight increase in penetration depth at the same defocused distance. However, when the angle of the gas jet nozzle is 45° or 60°, the maximal penetration depth is considerably increased and the optimal defocused distance shifts to minus direction. In this experiment, the maximal penetration depth is 24.5mm when the defocused distance is -13 mm if at the angle of gas jet nozzle is 60°. Figure 9 show the effect of welding speed on the penetration depth at different defocused distance. In Fig.8 , the defocused distance was -4 mm both for the welding with and without gas jet. It shows that the penetration depth is increased by using gas jet when the welding speed is less than 1.0 m/min due to the enlargement of keyhole opening, that makes the laser beam be easier to enter into the keyhole inside. When the welding speed is higher than 1.0 m/min, however, the penetration obtained with gas jet is lower than that of without gas jet. That is because at the high welding speed, the surface width of the molten pool is very narrow and the fluctuation of weld pool has less interruption to the laser beam in case of without gas jet, as a result, the gas jet may not enlarge and deepen the keyhole opening significantly.
Moreover, the high gas flow speed enhances the cooling effect to the welding zone and decreases the total melting efficiency, thus the penetration depth may be decreased.
In Fig.9 , the defocused distance is -13mm for the welding with gas jet and -7mm for without gas jet, both being the optimal defocused distances for that condition respectively. In that case, the increase of the penetration depth induced by side gas jet is only effective in the welding speed less than 0.5 m/min. Figure 10 shows the images of the laser-induced plume during welding, which was extracted from the high-speed camera video sequence. In welding without gas jet, strong and severely fluctuating plume can be observed. The height and the brightness of the plume are related to the defocused distance. In welding with gas jet, however, the plume is very weak and stable, and its height is also very small. It can be considered that in keyhole welding at same laser power and welding speed, to deepen the Laser power: 10kW, welding speed: 0.3 m/min With gas jet Defocused distance: -15mm
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Plume behaviour in laser welding with and without gas jet keyhole opening depth is an effective method to suppress the plume and increase the keyhole stability, especially when the keyhole opening can be enlarged and deepened simultaneously. Figure 11 shows the images of keyhole obtained by X-ray transmission observation in welding without and with gas jet. It can be seen that the keyhole shows a very narrow line shape and many bubbles form at the bottom of the keyhole in welding without gas jet. With gas jet, on the contrary, the top of the keyhole is significantly deepened and enlarged to form a cavity with about 3 mm in diameter and 3mm in depth, that leads to the keyhole being deepened considerably. Another interesting point is that no bubbles formed at the bottom of the keyhole in welding with gas jet.
Without gas jet With gas jet
In order to clarify the mechanism that no bubble formed in welding with gas jet, the authors observed the melt flow with X-ray transmission apparatus by burying a platinum wire in the welding path under the workpeice surface before welding. Figure   12 and Fig.13 show the image extracted from video sequences obtained in welding without gas jet and with gas jet respectively.
In normal laser welding without gas jet, the melt flow dominantly welding time was 46s and the length of the weld was 230mm.
The weld surface is smooth ( Fig.14 (a) ) and the cross section shape is sound (Fig.14 (b) ) at the beginning of welding, but the weld surface becomes unstable, with large spatters, and the cross section shape also becomes narrow and underfill near the end of the welding (Fig.14 (c) ). The penetration depth also decreased from 16.7mm to 14.7mm. It has been verified that such instability in penetration depth and weld bead shape was induced by the thermally induced focus shift of the focusing lens.
The stability of welding process in long-time, low-welding speed, high-power fiber laser welding is influenced by the thermal lens effect. Methods for prevention of thermal lens effect have to be researched for applications of high power laser welding.
Conclusions
(1) Beam spot size has significant influence on the penetration depth. The penetration depth at 0.1mm beam spot size is smaller than that of 0.2mm beam spot size.
(2) The defocused distance at which maximal penetration could be obtained is about -7mm in the conditions of 10kW laser power and 0.3m/min welding speed. With gas jet assisted welding, however, it shifts to -13 mm. (4) The gas jet not only modifies the keyhole behavior, but also modifies the melt flow. A 'S' curve melt flow was observed in welding with gas jet, and that 'S' flow is effective to suppress the bubbles formation.
(5) Thermal lens effect has severe influence on the process stability in high-power laser welding.
